To investigate how entrainment is influenced by convective organization, we use the ICON (ICOsahedral Nonhydrostatic) model in a radiative-convective equilibrium framework, with a 1 km spatial grid mesh covering a 600 by 520 km 2 domain. We analyze two simulations, with unaggregated and aggregated convection, and find that, in the lower free troposphere, the bulk entrainment rate increases when convection aggregates. The increase of entrainment rate with aggregation is caused by a strong increase of turbulence in the close environment of updrafts, masking other effects like the increase of updraft size and of static stability with aggregation. Even though entrainment rate increases with aggregation, updraft buoyancy reduction through entrainment decreases because aggregated updrafts are protected by a moist shell. Parameterizations that wish to represent mesoscale convective organization would need to model this moist shell.
Introduction
Many general circulation model (GCM) studies have identified the entrainment parameter of the convection scheme as being exceptionally important for the climate and climate change simulated by the models (e.g., Klocke et al., 2011; Knight et al., 2007; Sherwood et al., 2014; Tomassini et al., 2015) , as well as for the organization of convection (e.g., Arnold & Randall, 2015; Becker et al., 2017; Oueslati & Bellon, 2013; Tompkins & Semie, 2017) . The concept of entrainment, as it appears in many models, arises from a bulk ansatz whereby convection is modeled by a mass flux whose properties are distinct from the environment through which it rises. Entrainment alters both the convection and its environment, affecting, for instance, the vertical energy transport, static stability, and the cloud profile, as well as the overturning circulation and the organization of convection in the tropics. Although there have already been many attempts to estimate bulk entrainment rate, both from observations (e.g., Esbensen, 1978; Yanai et al., 1973) and, more recently, from convection-permitting models (e.g., Lu et al., 2016; Romps, 2010; Siebesma & Cuijpers, 1995; Siebesma et al., 2003; Zhang et al., 2016) ; (review article by de Rooy et al., 2013) , questions arise as to whether, for a cumulus layer of a given depth, the bulk entrainment rate shows a clear dependence on convective organization.
The bulk ansatz, together with a too small parameter space, results in what some authors have called the entrainment dilemma in convective parameterizations: if the entrainment parameter is large, convection is too much suppressed, causing an accumulation of instability, and if the entrainment parameter is small, convection occurs too readily, causing a poor distribution of convection in space and time, associated with too little variability. Mapes and Neale (2011) coined this phrase and hypothesized that it could be solved by incorporating convective organization as a new prognostic variable in the convection scheme, which acts as a throttle on the bulk entrainment parameter. When convection organizes, entrainment rate is believed to decrease because entrainment rate is assumed to scale with the inverse of the largest eddy sizes in the updraft (Morton et al., 1196; Turner, 1963; Siebesma, 1996) , and the size of the convective updrafts increases with organization (e.g., Mapes & Neale, 2011) . When convection organizes into an aggregated cluster, entrainment is also believed to have less impact on updraft buoyancy because the spacing of updrafts reduces, moistening the local environment (e.g., Feng et al., 2015; Mapes & Neale, 2011) . Despite these hypotheses, the effect of convective organization on entrainment has not yet been systematically investigated.
In this study, we test whether convective organization-in the form of convective aggregation-results in the hypothesized decrease of entrainment rate and in the hypothesized decrease of updraft buoyancy reduction through entrainment. We compare bulk entrainment rate estimates for deep convection in two 10.1002/2017GL076640 convection-permitting simulations, one with unaggregated and one with aggregated convection, using the ICON model in a radiative-convective equilibrium (RCE) framework.
Methods
ICON (ICOsahedral Nonhydrostatic) is a unified modeling system developed jointly by the Max Planck Institute for Meteorology and the German Weather Service for global numerical weather prediction and climate studies . We use its large-eddy model (ICON-LEM), developed by Dipankar et al. (2015) and evaluated in simulations over Germany by Heinze et al. (2017) . Our RCE setup consists of an inertial (nonrotating) frame of reference, a prescribed SST of 300 K, and spatially homogeneous but diurnally varying (solar zenith angle: 0 ∘ , solar constant: 1069.3 W m −2 ) insolation. Analyzing convection and how it self-aggregates in a convection-permitting RCE setup has a long tradition (e.g., Bretherton et al., 2005; Tompkins & Craig, 1998) , and for the purposes of our study, the RCE setup has the advantage that the degree of convective aggregation can vary strongly, from totally unaggregated convection with a popcorn-like appearance to completely aggregated convection that organizes in a cluster.
To resolve deep convection, we analyze two simulations with 1 km grid spacing. Both simulations share an identical simulation setup, except for different initial conditions: the first simulation is initialized from unaggregated conditions, and convection stays unaggregated throughout the simulation, while the second simulation is started from fully aggregated conditions, and convection stays fully aggregated in a horizontally isotropic cluster. More precisely, the first simulation is initialized with horizontally homogeneous vertical profiles of temperature and specific humidity that stem from a small-domain simulation with unaggregated convection. The second simulation is started from day 90 of a simulation with 3 km grid spacing, which was initialized from the same initial conditions as the first simulation, but starts to self-aggregate after 30 days and is fully self-aggregated after 60 days.
We initially planned to run our two simulations for 60 days but extended the first simulation to 90 days to be sure that it does not start to self-aggregate. Some weak heterogeneities emerged, which visualize in Figure 1 as a vertically oriented swath of maximum precipitation around x = 120 km. However, these weak heterogeneities have proved insufficient for self-aggregation to kick in. In line with Muller and Bony (2015) , the absence of self-aggregation at high resolution can be explained with a weaker shallow overturning circulation due to less longwave cooling from low clouds in the subsidence region. This mechanism does not affect the process that we analyze in this study-entrainment-and how it depends on convective aggregation.
Except for the already discussed differences in the initial conditions, the two simulations share exactly the same physics and boundary conditions. They are run on 64 vertical levels, with a model top at 27 km. In the horizontal, the model spans a 600 by 520 km 2 domain with periodic boundary conditions. For parameterizations, we use classical Smagorinsky diffusion with the modifications by Lilly (1962) to account for thermal stratification, the two-moment mixed-phase bulk microphysical parameterization of Seifert and Beheng (2006) , and the Rapid Radiation Transfer Model for radiation (Mlawer et al., 1997) . For clouds and convection, no parameterizations are used.
To quantify bulk entrainment rate, previous studies have used different tracers, for example, a "purity tracer" (Romps, 2010) or a "radioactive tracer" (Couvreux et al., 2010; Romps & Kuang, 2011 ). Here we quantify bulk entrainment rate with a radioactive tracer that is injected in the lowest model level, which ensures that updrafts have higher tracer concentrations than their environment. In the atmosphere, the radioactive tracer decays with an e-folding time scale of 4 days. With this decay time scale, tracer decay within the updraft is at most 2% of the change induced by entrainment, as calculated by dividing the ascent-decay time scale by the dilution time scale. In addition, with this decay time scale, the difference between updraft and environmental tracer concentration is high enough (see section 3.1 for details) to get reliable bulk entrainment rate estimates.
Bulk entrainment rate is analyzed using three-hourly output from the last 30 days of each simulation. Grid points are defined to be convective updraft grid points if the upward velocity exceeds 1 m s −1 and if the sum of liquid and ice condensate exceeds 0.01 g kg −1 . The environmental tracer concentration is calculated by averaging over all nonupdraft grid points on the same model level within a 10 km neighborhood of every updraft grid point. To make this analysis more computationally tractable, the environmental tracer concentration is calculated after nearest-neighbor remapping (effectively subsampling) to a 3 km grid. The updraft ( u ) and environmental ( e ) tracer concentrations are averaged over space and time, whereby an updraft mass flux BECKER ET AL.
ORGANIZATION'S EFFECT ON ENTRAINMENT weighting (Hohenegger & Bretherton, 2011 ) is applied for the updraft tracer concentration (̂u), to emphasize the importance of strong updrafts. After the weighted averaging, the bulk entrainment rate is estimated following Betts (1975) :
Results

Aggregated and Unaggregated Convection in ICON-LEM
Snapshots of the two simulations with unaggregated and aggregated convection (Figure 1 ) illustrate that in the lower troposphere (784 hPa), precipitating and nonprecipitating regions can be well separated with the radioactive tracer. Radioactive tracer concentrations, set to 1.0 at the surface, are about 0.4 or more in the convective updrafts. Outside convective updrafts, the tracer concentration strongly depends on the degree of aggregation. In unaggregated states, the tracer is homogeneously distributed, with tracer concentrations of 0.1 to 0.2. In aggregated states, nonupdraft grid points within the convective cluster have larger tracer concentrations (about 0.3), but outside the convective cluster, tracer concentrations are almost zero.
The strongest updrafts, associated with the highest tracer concentration, occur at the edges of the aggregated cluster of convection, in agreement with Hohenegger and Stevens (2016) . The reason is that these locations are very favorable for convection: moisture convergence in the boundary layer is high, and the free troposphere is relatively moist. Outside the aggregated convective cluster, the dry troposphere suppresses convection. The aggregated convective cluster is very stationary, which implies that the large-scale overturning circulation is well-organized.
Estimating the Bulk Entrainment Rate
The profiles of vertical mass flux and updraft mass flux in Figure 2 show that, both with aggregated and unaggregated convection, most updrafts form at or below 900 hPa and dissipate at the freezing level (at 600 hPa) or at the tropopause (at 200 hPa). In layers where a lot of updrafts form or detrain, the bulk ansatz reaches its limits because the change of the bulk mean value with height does not necessarily represent the individual updrafts anymore. With aggregated convection, most of the updrafts that fail to penetrate further at the freezing level have small tracer concentrations (see inflection of solid black line in Figure 2 ), probably because those updrafts are too weak to undergo the transition to ice cloud thermodynamics. Because only the strong updrafts with high tracer concentrations survive, the bulk entrainment rate estimate is too small just above the freezing level. With unaggregated convection, the bulk ansatz produces reliable results up to the 300 hPa level because updraft dissipation is mostly independent of tracer concentration. Within a 10 km neighborhood around each updraft, environmental tracer concentrations are, in the unaggregated state, close to the mean tracer concentration in the subsidence region. In the aggregated state, however, tracer concentrations are substantially higher close to the updraft than in the large-scale environment, in agreement with Figure 1 .
Thus, both with unaggregated and aggregated convection, the bulk ansatz works well between 900 and 600 hPa. In line with this, bulk entrainment rate estimates are almost constant with height between 880 and 680 hPa (Figure 3 ). Surprisingly, given the literature cited above, the vertically averaged (880 to 680 hPa) bulk entrainment rate estimate is in aggregated conditions 40% higher than in unaggregated conditions (Table 1) .
Using frozen moist static energy as tracer instead of the radioactive tracer leads to almost the same result. Over the same height range, the bulk entrainment rate is larger for aggregated (2.2 × 10 −4 m −1 ) than for unaggregated convection (1.7 × 10 −4 m −1 ). When considering values within a 30 km instead of a 10 km neighborhood around each updraft,̂u − e increases in case of aggregated convection, reducing the bulk entrainment rate estimate (equation (1)), but the bulk entrainment rate estimate is still 27% higher than in case of unaggregated convection. Thus, the finding that bulk entrainment rate increases with aggregation is robust across a wide range of updraft neighborhood sizes. This is confirmed when comparing, for the aggregated cluster of convection, bulk entrainment rate estimates in the cluster's inner region (within a 90 km neighborhood around the center of the cluster, defined as the point where water vapor path maximizes, averaged over a 150 km neighborhood) and at its edges (outside the inner region). In the inner region of the aggregated cluster, bulk entrainment rate estimates are higher (inner region: 2.2 × 10 −4 m −1 , edge region: 1.9 × 10 −4 m −1 ), even though the inner region has a more homogeneous environment, and thus the size of the considered updraft neighborhood is less relevant.
In the simulation run on a 3 km grid, which was used to initialize the 1 km simulation with aggregated convection, the bulk entrainment rate estimate is rather independent of aggregation, or, if anything, its increase with aggregation is small. This suggests that the increase of entrainment rate with aggregation is not an artifact of underresolved convection (Bryan et al., 2003) . There seems to be some resolution dependence, but to the extent that no new process emerges at higher resolution, these results suggest that the increase of entrainment rate with aggregation will become, if anything, more pronounced with increasing resolution.
Why Does the Bulk Entrainment Rate Increase With Aggregation?
To find out why bulk entrainment rate increases with aggregation, we analyzed a number of different processes that are known to affect entrainment rate: updraft size, static stability, updraft velocity, organized entrainment, and turbulence near the updrafts.
In agreement with conventional wisdom (see also Mapes & Neale, 2011) , updraft size increases when convection aggregates. At 700 hPa, the mean horizontal updraft extent is 1.9 km 2 for unaggregated convection and 3.6 km 2 for aggregated convection. As entrainment rate is, in the absence of other processes, inversely proportional to updraft size (e.g., Khairoutdinov & Randall, 2006; Kuang & Bretherton, 2006) , entrainment rate would decrease when aggregating. Domain mean static stability increases with aggregation (see z Θ v in Table 1 ), which would also tend to decrease the entrainment rate by suppressing small-scale turbulence. A countervailing effect is that, because of the higher stability, updrafts themselves also have smaller vertical velocities when aggregated (Table 1) . This gives the updrafts on the one hand more time to mix but on the other hand induces less organized entrainment related to the convergence of mass. Organized entrainment might well be significantly larger in case of aggregated convection because it is accompanied by a more organized large-scale overturning circulation. However, the large-scale flow converges into the updraft grid columns almost entirely below 900 hPa. Directly above, the large-scale flow diverges, forming a shallow overturning circulation. Though the flow converges into the aggregated updrafts above that, between 680 and 780 hPa, the average horizontal velocity toward an updraft grid point in a 3 km radius around it is very small, only about 0.035 m s −1 . Thus, the increase of entrainment rate with aggregation cannot be attributed to organized entrainment.
The only analyzed quantity that is consistent with an increase of entrainment rate with aggregation is resolved small-scale turbulence in the close environment of the updrafts. Within a 10 km neighborhood, 2.1% of the grid points around an updraft are updraft grid points in case of unaggregated convection, and 5.6% in case of aggregated convection, averaged over 680 to 880 hPa. Thus, aggregated updrafts are more densely packed, and with their respective inflows, outflows, and downdrafts, they generate a lot of shear and turbulence. We quantify turbulence with a measure of horizontal turbulence kinetic energy (Υ), which we calculate from cross sections in x direction of u velocity (u) in the nonupdraft environment of each individual updraft grid point: While for the updraft the bulk mean value is considered, the environmental value is sorted by the minimum distance to the closest updraft grid point. Closed circles show the difference in moist static energy between updraft and environment as well, but for the environment, they consider the bulk mean value within the respective neighborhood, calculated in analogy to e .
where
The average is taken over all updraft grid points in space and time; x 0 is the location of the updraft grid point, and x is the distance to the updraft. Thus, the first term in equation (2) is the mean kinetic energy in x space, the second term is the kinetic energy of the mean flow in x space, and equation (3) serves for removing transient motion from u (by mirroring the field). Averaged over 680 to 880 hPa, the estimated horizontal turbulence kinetic energy in a 3 km radius around each updraft, Υ(3 km), is 0.11 J kg −1 when unaggregated, but 0.65 J kg −1 when aggregated, so Υ(3 km) has increased sixfold.
Bulk entrainment rate estimates are highest in the inner region of the aggregated cluster, as mentioned in the last section. Υ(3 km) is 23% smaller in the inner region of the convective cluster than at its edges. This seems to refute the idea that changes in Υ dominate changes in entrainment rate. However, the bulk entrainment rate might be underestimated in the edge region. In the edge region, there are often dry regions with very small radioactive tracer concentrations within the considered environmental 10 km neighborhood. If air from the dry regions does not actually get entrained, the bulk entrainment rate will be underestimated (according to equation (1)).
How Does Entrainment Affect Updraft Buoyancy?
The higher entrainment rate in case of aggregated convection does not necessarily imply that updraft buoyancy decreases more with height. The efficiency of entrainment in reducing updraft buoyancy (B red ) can be estimated directly, from how updraft moist static energy changes with height in the lower troposphere (− zĥu ), or indirectly, from the saturation deficit of the environment (q v,e ) relative to the updraft (q v,u )
where L v is the enthalpy of vaporization. Both the direct and indirect approaches lead to similar results: averaged over 680 to 880 hPa, updraft buoyancy reduction through entrainment decreases by 28% when convection aggregates (Table 1) , despite higher entrainment rates. This can be understood by comparing how the moist static energy deficit of the environmental air relative to the updraft (h u − h e ) depends on the distance to the closest updraft grid point in unaggregated and aggregated conditions. Figure 4 shows that, on the 784 hPa level, up to a distance of 20 km to the nearest updraft, h u −h e is smaller when convection is aggregated. When calculating h e by averaging, for every updraft grid point, over all nonupdraft grid points within a given neighborhood, the results are weighted strongly toward values close to the updrafts. This explains why h u −h e remains smaller for aggregated convection, even if a 50 km neighborhood is considered (closed circles in Figure 4 ). In a 10 km neighborhood, the difference between h u and h e is only half as large for aggregated as for unaggregated convection (Figure 4 ). An air parcel close to aggregated convective updrafts does not only have high values of moist static energy but also has high values of radioactive tracer concentration, showing that the high moist static energy can be explained with the air parcels history: it got rather recently detrained from one of the nearby updrafts ( Figure 1 ). As the differences in h e reflect changes in q v,e (Figure 4 ), aggregated convective updrafts can be thought of as protecting themselves from the dry domain-mean environment by creating a moist shell.
Because aggregated convective updrafts are surrounded by a moist shell, the same amount of entrained air causes less cloud water to evaporate and to cool the updraft (compared to unaggregated convection). Thus, in case of aggregated convection, entrainment is less efficient in reducing updraft buoyancy-even though the bulk entrainment rate is higher. As the moist shell cannot be resolved by current GCMs and is not parameterized by convection schemes, this effect is missing in GCMs.
Conclusions
In this study, we analyze how bulk entrainment depends on convective aggregation. For this purpose, we use convection-permitting simulations in a nonrotating RCE framework. A 1 km grid is chosen to estimate
